Effect of chemical substitutions on photo-switching properties of 3-hydroxy-picolinic acid studied by ab initio methods J. Chem. Phys. 140, 084301 (2014) The 1,2-bis-͑3-thienyl͒-ethene derivatives are known to be good photoswitches. A large number of experiments have been carried out on different classes of these molecules to find out the most effective photoswitch. We have selected several highly efficient representative model photoswitch molecules of this class and studied their structures, photophysics, and different molecular properties at the ground and vertically excited states using density functional technique together with its time-dependent analog. These analyses are motivated toward the understanding of the effective molecular criteria, which are to be satisfied by a molecule in order to be good photoswitch. The theoretical investigations indicate that the capped ethene derivatives of this class of molecules are more effective photoswitches than the uncapped ones. Our contention has been verified by carrying out similar calculations on a well-known thermally irreversible photoswitch molecule of this class. Since the transition of the open to the closed form in photoswitching devices is the key factor for the molecules to exhibit such properties, and, moreover, since the molecules are thermally stable, they could be used for designing nonlinear optical ͑NLO͒ switches. One such possibility has been explored theoretically using a model molecular system.
I. INTRODUCTION
The need to search for suitable electronic devices has generated one of the most intense areas of research. [1] [2] [3] One of the major objects of investigation in this field had been the characterization of suitable materials for molecular memory devices. The early investigations by Aviram and Ratner 4, 5 have propounded that these materials could be thought of as electron accepting moieties separated by hydrocarbon spacers. Aviram 5 designed such molecular systems to perform as an off-on device based on the theoretical proposition that the effectiveness of such material is dependent on the ease of electron transfer across the hydrocarbon spacer under the influence of the applied electric field. The conformation of the spacer plays a vital role in providing such facility. 6 In recent developments, the molecular scale electronics promises to utilize single molecules as elements of future memory device systems.
2,3,7-13 Seminario and co-workers have tried to characterize the nature of the moiety that connects the single molecular system to the macroscopic interface.
14 They called the moiety ''alligator clip,'' and have inferred that the effectiveness of such an alligator clip is dependent on the highest occupied molecular orbital-lowest unoccupied molecular orbital ͑HOMO-LUMO͒ gap of the overall molecular system. They have further observed that sulfur provides the best embodiment for this purpose.
Thermally irreversible photochromic systems offer another way of designing molecular memory systems. Based on the photochemical conrotatory ring closure of 1,3,5-hexatriene systems, 15 several workers have designed various thermally irreversible photochromic systems to act as photoswitching memory devices. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] The basic concept is that the designed molecular system would act as a conductor in the closed form and would be a nonconductor in the open form. Hence the same single molecular species would act as an off-on system under the influence of two different excitation wavelengths ͑Fig. 1͒. The conduction is usually achieved through the -conjugation in the closed form of the designed molecule. Since, for conduction, the conjugation of the -electrons is the most desired property, Rentzepis and co-workers, 29 on the other hand, have designed benzopyran derivatives as an effective photoswitching memory system where the open ring form obtained through photochromic excitation acts as the conducting species.
Extensive designing of the dual-mode optical molecular switching devices for molecular memory purposes using 1,2-bis-͑3-furyl͒-ethene, 1,2-bis-͑3-pyrrolyl͒-ethene, and 1,2-bis-͑3-thienyl͒-ethene derivatives was carried out mostly by Irie et al. [16] [17] [18] [19] [20] [21] [22] [23] and Lehn [24] [25] [26] [27] [28] and his co-workers. The authors have found that 1,2-bis-͑3-thienyl͒-ethene derivatives are the most effective molecular systems for this purpose. Nakamura and Irie 30 have carried out semiempirical modified neglect of differential overlap ͑MNDO͒ calculations on all the three types viz., furyl, pyrrolyl, and thienyl molecular systems, and have decided that the energy difference between the ring a͒ Author to whom correspondence should be addressed; electronic mail: kim@postech.ac.kr closed and open forms controls the ease of their conversion as well as thermal stability. They observed that in the case of the thienyl derivative, the ground-state energy difference between the open and closed forms is the lowest in comparison to furyl and pyrrolyl derivatives and contended that the energy barrier in the case of the thienyl derivative would be the largest to make it less prone toward cycloreversion reaction. It is thus evident that designing of an effective switchable memory device in this field needs further clarification regarding its structure and activity related properties using higher level theoretical calculations. The present paper is oriented on this idea. We have selected several 1,2-bis-͑3-thienyl͒-ethene derivatives that are known to have thermally irreversible photochromic activity. Detailed structural analyses have been carried out to ascertain the ground-state conformation of the open and closed forms of the respective molecular systems. The vertical excited states of both the open and closed forms of these molecules were explored to reproduce their absorption spectra. The HOMO-LUMO energy gap (⌬E HOMO-LUMO ) of the molecules usually has direct bearings on their conduction properties, and our observation indicates that this could be used profitably to design effective photoswitching systems. Another important aspect of our observation is that since the closed forms of these molecules are conducting in nature through extended -conjugation, the proper insertion of donor and acceptor groups would allow them to exhibit high hyperpolarizability ͑␤͒ and hence they could be used as NLO switches. To the best of our knowledge, theoretical studies at this level have not been made on such molecular systems.
In the present paper we first report the results of structural analysis of the various molecular systems under consideration. A brief resume of our approach toward this theoretical analysis is presented prior to this discussion. We have then analyzed the absorption spectra and the properties correlating the conducting properties with the structural forms of these molecules. Finally, the NLO switching property on a model molecule is discussed.
II. METHODS OF COMPUTATION
Density functional theory ͑DFT͒ 31 is the main technique used in this work. The calculations included Becke-3 exchange correlation, 32 together with the nonlocal functional provided by Lee, Yang, and Parr 33 ͑in short, B3LYP͒. The standard 6-31G* Pople basis sets for the atoms 34 were used. The geometries of both the open and closed forms of the molecules were optimized without imposing any geometrical constraint. Energies of the vertically excited states of the open and closed forms of the molecules were determined using the time-dependent DFT method. 35 This is basically a first-order random phase approximation ͑RPA͒ calculation within the framework of DFT. The basis set and the nature of functional were kept unchanged and the first 12 singlet and triplet states were monitored for each molecular system. Similar restricted first-order configuration interaction calculation ͑FOCI͒ using Hartree-Fock wave functions is usually not very satisfactory for the excited state energy calculations. Since the higher order CI or multireference calculations are not feasible for these big-sized molecules with lower point group symmetry ͑mostly C 2 ), the time-dependent DFT 35 would be the most judicious choice for our calculations as it gives more or less satisfactory excitation energies. The polarizability ͑␣͒ and the hyperpolarizability ͑␤͒ calculations for the selected molecules have been carried out using the analytic derivative technique. All the calculations were carried out using the GAUSSIAN 98 suite of program.
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III. RESULTS AND DISCUSSION
A. The molecules
The structures of the open and closed forms of 1,2-͑3-thienyl͒-ethene derivatives under study are schematically shown in Fig. 1 . They are usually of two types in the respect that the ethene moiety could either be capped ͓Fig. 1͑b͔͒ or uncapped ͓Fig. 1͑a͔͒. The originally synthesized molecules are too large to be tackled theoretically, and to make our computation tractable we have mostly used model compounds with the replacement of the functional groups R 2 and R 3 of the original molecule by hydrogen. The functional groups connected to the ethylenic double bond were, of course, kept unchanged. The name of the photoswitching molecules under study, their abbreviations, and the nature of the functional groups are listed in Table I . Henceforth the open and closed forms of these molecules will be referred to as their abbreviated names 1o, 1c, etc., unless otherwise specified. The molecule 1,2-difluoro-1,2-bis-͑2-methyl-3-thienyl͒-ethene ͑2o and 2c͒ in this series is purely hypothetical. This molecule has been chosen just to systematically rationalize the effect of substitution of fluorine related groups at the ethylenic site of our chosen molecular systems.
The extrapolation of the properties of model molecules to the original molecular systems would obviously need Table I . The numbering of the atoms is used to define the geometrical parameters in Table III as well as in the text, and they are not according to the IUPAC nomenclature. some justification. In order to convince ourselves about the numbers generated from such model molecules, we have made full theoretical treatments on the open and closed forms of 1,2-bis-͑2,4,5-trimethylethylthiophene-3-yl͒-maleic anhydride ͑6o and 6c͒, which is known experimentally to be an effective thermally irreversible photoswitch, 17 and have presented the results in Table II along with the other photoswitch molecules studied. The salient topographical features of the energy-optimized molecules are presented in Table III. If we compare the energy differences, absorption spectra, and dipole moments of 6o and 6c with their model counterparts 5o and 5c, it would be quite obvious that there is little change of these properties due to replacements of the 4-and 5-methyl groups by hydrogen in the model compound ͑5o and 5c͒, and compared to the experimental absorption spectra they are well within the error limit. The geometrical features of the two molecules ͑Table III͒ also reflect their expected similarity in structural characteristics. 
B. General topography and photophysics related to photoswitch activity
The ground-state energy difference ͑Table II͒ between the open and closed forms of all the photoswitch molecules studied is quite high ͑у0.5 eV͒ and all the optimized geometries except 7o and 7c are in C 2 symmetry. The closed form is always the higher energy geometry in the ground state. Figure 2͑a͒ represents the stereo views of the energyoptimized open and closed forms of one of the representatives ͑6o and 6c͒ of this family of molecules. In the open form, the C 5 -C 6 and the C 7 -C 8 bonds ͑Fig. 1͒ can have a free rotation, and due to the repulsion between the ϪCH 3 groups connected to C 11 and C 12 atoms, these bonds are twisted in the opposite sense, posing a high non planarity in the molecule. In the closed form, although there is some conjugation in the -backbone, the central ring formed due to the ring closure through the C 11 -C 12 bond is not fully planar ͑ϳ6°nonplanarity͒. This is the usual structural characteristic of all the molecules studied here. In the vertically excited states of the molecules the situation is reversed and the closed form is always the lower energy geometry. The calculated absorption maxima ( max ) are compatible with the available experimental values ͑Table II͒. Problems were encountered in assigning the max for the 6o, as the calculated value is not the first excited singlet (S 1 ) state. Considering the strongest oscillator strength, we have chosen the 390 nm as the representative state for the max of 6o. The 366 nm value is appearing in our calculation as the S 3 state, and although it is very close to the experimental max the oscillator strength ͑f ͒ for this state is very weak ( f ϭ0.004). Thus this state was discarded. The actual experimental absorption spectra of 6o show two peaks: 17 one at around 331 nm and the other a weak shoulder at 400 nm. The calculated 437 nm peak could be assigned as this weak shoulder (S 1 ). The theoretical absorption maxima of 3o and 5o have been assigned on the basis of similar consideration. It is to be noted further that the energy differences between the open and closed forms of the molecules in the state around the absorption maxima ͑Franck-Condon state͒ are always larger than those in the ground state, though in a reverse sense. Since the transformation from the open to the closed form and vice versa is very much facilitated in the excited state within picosecond range ͑Ͻ10 ps͒, 37 it could be argued that the barrier between the open and closed forms would be low. Moreover, in case of 6o, the fluorescence spectra have indicated a wide shift of the peak with respect to the absorption maxima. Since the excitation wavelength for the conversion of the closed form to the open form does not vary appreciably from its absorption maxima, it is indicative of the fact that the energy difference between the open and closed forms in their adiabatic state would be much less due to structural relaxation of the open form toward lower energy geometry. In fact, a recent AM1 calculation 38 on the excited state reaction path for the conversion of open and closed forms of this molecule is in favor of this view. The molecules 1 to 5 in Table II are arranged according to their increasing efficiency as thermally irreversible photoswitches. The fatigue resistance characteristics of these molecules are the usual measure to establish such efficiency. 16, 18 If we consider, on the other hand, the difference of absorption maxima between the open and closed forms to be the criteria for a good photoswitch device, it is obvious that the molecules 1,2-bis-͑2-methylthiophene-3-yl͒-perfluorocyclopentene ͑4o and 4c͒ and 1,2-bis-͑2-methylthiophene-3-yl͒-maleic anhydride ͑5o and 5c͒ would be more efficient than the other three molecules. This immediately indicates that the energy difference between the vertically excited Franck-Condon states of the open and closed forms should have some bearing on their efficiency as thermally irreversible photoswitches. In fact, if we examine the energy differences from the calculated values in Table II , it is evident that from molecules 1 to 5 a regular decrease in the energy values between the Franck-Condon states of the open and closed forms could be observed. The more energetic closeness of the Franck-Condon states of 4o, 4c and 5o, 5c with respect to the other ones, indicates their facile transformation during photoexcitation. This has been demonstrated in the case of 1,2-bis-͑2,4,5-trimethylethylthiophene-3-yl͒-maleic anhydride ͑6o and 6c͒, 17, 37 the synthetic analog of the model molecular system 5o and 5c.
The general idea that has prevailed during the decadelong studies on the photoswitch memory devices indicated that to be an efficient memory device, the form obtained after triggering on the photoswitching mechanism should be the conducting one. Otherwise, the same molecule would be nonconducting prior to this triggering process. 5, 7, 9 This would be reflected in the ⌬E HOMO-LUMO values of the respective open and closed forms of the molecules. In our systems, this property is achieved through C 11 -C 12 bond closure and -S-C 11 -C 12 -S-could be considered as a clip to trigger such a process. As it was explored by Nakamura and Irie, 30 this link makes the molecular systems in Fig. 1 more efficient photoswitches with respect to its molecular analogs having -O-C 11 -C 12 -O-͑furyl͒ and the -N-C 11 -C 12 -N-͑pyrrolyl͒ linkages. The consideration of the ⌬E HOMO-LUMO values ͑Table II͒ between the molecules 1 to 5 indicate that this difference is too large between the open and closed forms of these molecules. Furthermore, the magnitude ⌬E HOMO-LUMO for the closed forms of molecules 4 and 5 ͑as also its original form 6͒ is much less than that of the three other molecular systems, indicating more efficient conducting properties of these two systems. One of the striking features of these photoswitching molecules is that they are more efficient memory devices when the ethene moiety is capped. This structural modulation reduces their ⌬E HOMO-LUMO values with respect to the other molecules ͑Table II͒ and thus makes them more conducting.
C. Concept of NLO photoswitch
The conducting property of the closed form of the photoswitch molecules could lead to some interesting material designing. Since the molecule is conducting in the closed form through -conjugation, the substitution of hydrogen atoms at 4 and 4Ј position of the two thiophene rings of 1,2-bis-͑3-thienyl͒-ethene molecular systems by donor and acceptor groups would make the closed form considerably NLO-active and the molecular system would act as an NLO photoswitch. We have studied such a possibility using a hypothetical molecule 7o and 7c ͑Table I͒, where the 4 and 4Ј hydrogen of the two thiophene moieties of 1,2-bis-͑2-methylthiophene-3-yl͒-ethene are replaced by -NO 2 and -NH 2 groups, respectively. Thus the molecular symmetry of this molecule has been reduced to C 1 and in the closed form ͑7c͒ the -backbone of the molecule would behave like a conjugated push-pull polyene. The stereo views of the energy-optimized open and closed forms of this model molecule are shown in Fig. 2͑b͒ and the optimized geometrical parameters are presented in Table III . It is quite obvious from the figures that they retain similar conformational resemblance to the rest of the photoswitch molecules of this family. The calculated ⌬E HOMO-LUMO of the B3LYP-optimized geometries of this molecule ͑Table II͒ reveal that in the closed form this value is even lower than 6c, indicating its higher conducting property. If we consider the difference of absorption maxima of the open and closed forms to be a criterion of the photoswitch property, the absorption maxima of 7 indicates its efficiency in this respect to be comparable with the molecule 6. Thus this model molecule satisfies the criteria of a good photoswitch. 
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These two frequencies correlate the stretching modes of the -conjugation ͑related to CvC stretching͒ ͑Fig. 3͒, and according to the theory proposed by Lee and Kim, 41 the product of these two intensities would lead to large ␤ value. 42 The open form of this molecule does not have these characteristics. The IR and Raman intensities of the different vibrational frequencies of the open and closed forms of the molecule 1 ͑1o and 1c͒, on the other hand, are negligibly small. The test of this proposition could be verified from the direct calculation of ␤. Table V contains the ␣ component and the ␤ tensor elements along the x-axis ͑the molecular axis͒ of the molecules 1 and 7. To the experimentalists, the scalar component of ␤ projected on the dipole moment (␤ ) is of more interest and the values of this parameter for the different molecular species are also presented in the 44 and several other push-pull NLO molecules, 44, 45 the magnitude of the ␤ value of 7c is also quite high and conforms to the experimental observation of Lehn and co-workers in this respect. 27 The open and closed forms 1o and 1c do not show any appreciable NLO property ͑Table V͒, as was predicted from the calculated IR and Raman intensities of their vibrational bands.
IV. CONCLUSIONS
A detailed theoretical study has been carried out on the 1,2-bis-͑3-thienyl͒-ethene derivatives at the B3LYP level of calculations using the 6-31G* basis sets for the atoms. These molecular systems are known to be effective thermally irreversible dual-mode optical molecular switches, which could be used for molecular memory. The objective of the present theoretical analysis was to investigate the photophysics and the effective molecular criteria, which control such properties of these molecules. Our findings indicate that to be an effective photoswitch, the Franck-Condon excitation energy difference between the open and closed forms of these molecules would have some optimal value and the barrier for the interconversion should be sufficiently low so that the photoexcited transformation could be instantaneous. The closed form of the molecule obtained through photoexcitation should be conducting to make the molecule an optical memory device. The low HOMO-LUMO energy gap of the closed form ensures such property. When a molecule meets such criteria in its closed form, the dipole moment also goes up with respect to the corresponding open form. The different model derivatives of 1,2-bis-͑3-thienyl͒-ethene studied here reveal that the capped ethene form of these molecules meets the aforementioned criteria more closely and the model compound 1,2-bis-͑2-methylthiophene-3-yl͒-maleic anhydride was found to be the most effective in this respect. This result could be verified using some real molecular systems, and our calculations on the open and closed forms of 1,2-bis-͑2,4,5-trimethylthiophene-3-yl͒-maleic anhydride, which are the experimentally studied real forms of the model systems 5o and 5c with proven thermally irreversible photoswitch activity, support this fact ͑Table II͒. Lehn and co-workers 27, 28 observed that, taking advantage of the photoswitching criteria of these molecular systems, materials having NLO activity could be designed, and they could be used as NLO photoswitches. Our observations support this view theoretically and expound the probable cause of such behavior. One such case has been studied using a model molecule having donor and acceptor groups at the 4 and 4Ј positions of the thiophene moiety of 1,2-bis-͑2-methylthiophene-3-yl͒-ethene ͑molecules 7o and 7c, 
